Abstract: Zinc (Zn) deficiency is a common disorder of humans in developing countries. The effect of Zn biofortification (via application of six rates of Zn fertilizer to soil) on Zn bioavailability in wheat grain and flour and its impacts on human health was evaluated. Zn bioavailability was estimated with a trivariate model that included Zn homeostasis in the human intestine. As the rate of Zn fertilization increased, the Zn concentration increased in all flour fractions, but the percentages of Zn in standard flour (25%) and bran (75%) relative to total grain Zn were constant. Phytic acid (PA) concentrations in grain and flours were unaffected by Zn biofortification. Zn bioavailability and the health impact, as indicated by disability-adjusted life years (DALYs) saved, increased with the Zn application rate and were greater in standard and refined flour than in whole grain and coarse flour. The biofortified standard and refined flour obtained with application of 50 kg/ha ZnSO 4 ·7H 2 O met the health requirement (3 mg of Zn obtained from 300 g of wheat flour) and reduced DALYs by >20%. Although Zn biofortification increased Zn bioavailability in standard and refined flour, it did not reduce the bioavailability of iron, manganese, or copper in wheat flour.
Introduction
Zinc (Zn) is one of the most abundant trace elements in human bodies, with 1.5-2.5 g present in the average adult [1] . As a catalytic and an important structural component in an estimated 3000 zinc proteins, Zn is essential for carbohydrate metabolism, DNA and RNA synthesis, and other processes [2, 3] . Zinc deficiency, however, is prevalent in many parts of the world and especially in developing countries [4] . Zinc deficiency results in retarded growth, anorexia, and hypogeusia in children [5] , and in pregnancy problems and several chronic diseases in adults [6, 7] .
In more than 22 developing countries, at least 60% of the Zn in human diets is derived from C3 grains and legumes [8] . Wheat is one of the three leading cereal crops worldwide and is the dominant crop used for human food [9] . Worldwide wheat production exceeds 720 million tons per year, and most of which is used as food for humans [9, 10] . Wheat can be processed into a rich variety of flours depending on the milling procedure. Whole grain flour and coarse flour are valuable sources of dietary fiber, and standard flour and refined flour are commonly used to make bread and noodles. Wheat has a low Zn concentration, with only about 20-35 mg/kg of whole grain [4] . The low concentration of Zn in wheat results in part from the low Zn content of soils where wheat is grown, i.e., more than 40% of the worldwide wheat crop is cultivated on soils with very low levels of Zn [11] . Furthermore, a substantial percentage of the Zn in grain is lost with the removal of the aleurone layer was about 8.0, and the diethylene triamine pentaacetic acid (DTPA)-extractable Zn, Fe, Cu, and Mn concentrations before sowing were 0.45, 5.52, 0.82, and 5.30 mg/kg, respectively. The same winter wheat (Triticum aestivum L.) cultivar (Liangxing 99, Dezhou, China) was used in both cropping seasons. Six Zn application rates were assessed: 0, 10, 25, 50, 100, and 150 ZnSO 4 ·7H 2 O (22% Zn) kg/ha. The experiment had a randomized complete block design with four block and 24 plots; each plot was 75 m 2 . Before sowing, a compound fertilizer (N-P 2 O 5 -K 2 O: 15-15-15; 75 kg/ha) was applied. Another 150 kg of N/ha was supplied as urea at the stem elongation stage. The plots were irrigated at the pre-wintering, stem elongation, and flowering stages in both cropping seasons. At maturity, wheat plants aboveground were removed by hand from a 6-m 2 (2 m × 3 m) area in each plot. About 1 kg of grain from these plants was sampled and rapidly washed with deionized water before milling and analysis.
Flour Fractions and Analysis
Wheat samples were milled in a Bühler laboratory experimental mill (MLU-202) according to Approved Method 26-21A [31] . Three break streams (B1, B2, and B3), three reduction streams (R1, R2, and R3), and two brans (coarse bran and fine bran) were obtained after milling. Different percentages of break, reduction, and bran fractions were combined to make the different kinds of flour (Table 1) . In this report, "whole flour" was the flour that contained all milling fractions (100% of the grain). "Coarse flour" contained the coarse bran fraction and included 86.4% of the grain. "Standard flour" represented the ordinary flour sold in markets; it was a mixture of B1, R1, B2, R2, B3, and R3 fractions and included 75.7% of the grain. "Refined flour" refers to the highly refined and purified endosperm and is usually used to make Chinese fine noodles; refined flour was a mixture of B1 and R1 fractions and included 47.1% of the grain. The term "bran" refers to the combination of coarse bran and fine bran and is usually used to feed animals. All stream samples were digested with HNO 3 -H 2 O 2 in a microwave-accelerated reaction system (CEM, Matthews, NC, USA), and the nutrients in the digested solution were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES, OPTIMA 7300 DV, Perkin-Elmer, Houston, TX, USA). PA concentrations in different fractions were determined calorimetrically (at 519 nm) as described by Haug andLantzsch [32] . 
Estimation of Zn Bioavailability
A trivariate model based on Zn homeostasis in the human intestine was used to evaluate Zn bioavailability [21] :
where TAZ = total daily absorbed Zn (mg Zn/day); A MAX = maximum Zn absorption; TDZ = total daily dietary Zn (mmol Zn/day); K R = equilibrium dissociation constant of the Zn-receptor binding reaction; TDP = total daily dietary PA (mmol PA/day); and K P = equilibrium dissociation constant of the Zn-PA binding reaction. According to Hambidge et al. [33] , the parameters related to Zn homeostasis in the human intestine, A MAX , K R , and K P , have constant values of 0.091, 0.680, and 0.033, respectively. TAZ was based on reference adults consuming wheat flour (300 g/day) as a sole daily source of Zn and phytate [14] and was termed "estimated Zn bioavailability". Molar concentrations of phytate and Fe, Mn, and Cu in wheat grain were used to calculate the PA:Fe, PA:Mn, and PA:Cu molar ratios, which in turn were used to estimate the bioavailability of Fe, Mn, and Cu in wheat grain [34] .
Health Impact of Zn Biofortification in Wheat
The DALYs equation was used to estimate the health burden of Zn deficiency and to assess the health impact of Zn-biofortified flours. The current burdens due to Zn deficiency were calculated based on a recent study in China, which indicated that years of life lost (YLL) was 151 million and years lived with disability (YLD) was 202 million years, resulting in a total DALYs value of 352 million years [24] . The status quo of daily Zn intake was 4.90 mg/day for infants and 6.00 mg/day for children [35] . The recommended nutrition intake (RNI) levels for Zn in developing countries was 6.90 mg/day for infants and 8.00 mg/day for children [36] . Relative to the reference daily flour consumption of 300 g/day, consumption by infants is about 25% (75 g/day) and consumption by children is about 50% (150 g/day). Daily Zn intake through biofortified flours was the current daily Zn intake (4.90 and 6.00 mg/day) plus the increased TAZ calculated by the above trivariate model. The "coverage rate" of biofortified wheat and flour (i.e., the percentage of the population that consumed biofortified wheat and flour) was set at 60%, which represents an optimistic scenario. We then calculated the health impact (DALYs saved) of the biofortified flour by the method ofStein et al. [37] and De Steur et al. [24] . We also calculated the health impact of Zn biofortification as follows: Health impact = health burden saved by Zn biofortification/health burden without biofortification × 100. In this equation, health burden is equivalent to DALYs.
Statistical Analysis
One-way ANOVAs were used for many comparisons; means were separated by Fisher's protected least significance difference (LSD) test at p < 0.05. Statistical Analysis System software (SAS 8.0, Raleigh, NC, USA) was used for the statistical analysis.
Results

Zn and PA Concentrations in Grain Milling Fractions
In both cropping years, Zn concentrations in grain milling fractions were significantly greater in the Zn-biofortified treatments than in the no-Zn treatment, and the increases in Zn concentrations were closely related to the quantity of Zn applied ( Table 2 ). The Zn concentrations were much greater in coarse bran and fine bran than in the break and reduction flour, and were 8-10 fold higher in bran than in standard flour. Zn concentrations in whole flour, coarse flour, standard flour, and refined flour increased with the rate of Zn fertilization. Among the four kinds of flour, the Zn concentrations were generally higher in whole flour and coarse flour than in standard flour and refined flour ( Figure 1) . Regardless of the quantity of Zn applied, the Zn content in bran accounted for 75% of the whole grain Zn while in standard flour it accounted for 25% ( Figure 2 ). The PA concentration in the flours and bran was generally not significantly affected by Zn biofortification. The PA concentration was also much higher in the bran than in the other flours (Table 2) . 
Estimated Zn Bioavailability in Wheat Flours
The estimated Zn bioavailability in whole flour, coarse flour, standard flour, refined flour, and bran increased with the quantity of Zn applied in both cropping seasons (Figure 3) . The estimated Zn bioavailability was generally higher in standard flour and refined flour than in whole flour and coarse flour (Figure 3) . 
Health Impact of Zn Biofortified Flours in China
In all four of the most commonly used flours (whole, coarse, standard, and refined), the daily Zn intake, the percentage of the recommended intake, and the DALYs saved for both infants and children were progressively increased as the rate of Zn fertilization increased (Table 3 ). The reductions in the current health burden of consuming biofortified whole flour and coarse flour were almost the same, ranging from 6.17% to 18.66%. Among the four flours, the health impacts (DALYs saved) of Zn biofortification of standard and refined flour were better than that of the other two flours.
The estimated reductions in the current health burden by consumption of Zn biofortified standard flour and refined flour ranged from 10.57% to 28.38% (Table 3) . 
Bioavailability of Other Micronutrients in Wheat Flours
Zinc biofortification did not significantly affect the concentrations (Table 4) and bioavailability of Fe, Mn, or Cu in the four flours or bran as indicated by the PA:Fe, PA:Mn, and PA:Cu molar ratios (Figure 4) . Like Zn bioavailability, the bioavailability of Fe and Cu were higher in standard flour and refined flour than in whole flour and coarse flour. Mn bioavailability, however, did not significantly differ among the flours and bran (Figure 4 ). 
Discussion
Zinc biofortification significantly increased Zn concentrations in grain and in all of the milling fractions (Table 2 and Figure 1) . The target Zn concentration in wheat grain required to prevent Zn deficiency in humans was estimated to be 45 mg/kg [38, 39] . In the current study, this target concentration was generally achieved by application of 25 kg of ZnSO 4 ·7H 2 O/ha (Figure 1) . The Zn concentrations were lower in standard and refined flour than in whole or coarse flour. This was mainly due to the higher Zn concentration in brans than in other fractions ( Table 2 ). The current results were consistent with a previous finding that Zn occurs largely in the aleurone layer, in the lateral and dorsal parts of the grain [40] . The large difference in Zn concentration between bran and flour might be inherent to these fractions. That increasing Zn application rates did not increase the percentage of Zn in standard flour or bran relative to the total quantity of Zn in the wheat grain (Figure 2) indicates that the Zn application simultaneously increased the Zn concentration in all fractions of wheat grain.
During milling, the wheat grain was separated layer-by-layer, and the layers were separated into coarse bran, fine bran, and flour. These layers, however, do not precisely coincide with the layers of aleurone, endosperm, and embryo. Though there was a limitation for Zn transferred from crease, the Zn concentration in the flour increased as the Zn concentration in the grain increased. Zhang et al. [41] also reported a linear, positive correlation between Zn concentrations in wheat grain and flour. These results indicate that the higher Zn concentrations in flour and in grain can be synergistically achieved by Zn fertilization.
Although indigestible for humans and many animals, the PA and its metabolites in seeds and grains are important to the plant. PA functions as a phosphorus and energy store and as a source of cations and myoinositol (a cell wall precursor). The only undesirable property of PA is that it limits the availability of micronutrients [42] . Erdal et al. [43] found that Zn biofortification reduced PA concentrations in the seeds of 20 wheat cultivars growing in a severely Zn-deficient soil. These decreases in PA were explained by a dilution effect that occurred as a consequence of increases in grain yield in response to Zn fertilization. A needless Zn application to Zn-sufficient soils could also decrease PA concentrations in wheat grain [44] . Zhang et al. [45] reported, however, that ZnSO 4 ·7H 2 O applied to soil at 50 kg/ha did not significantly affect PA concentrations in wheat products. Consistent with Zhang et al. [45] , the current results indicated that the PA concentration in grain and different fractions of grain remained unchanged in response to Zn biofortification ( Table 2 ). The DTPA-Zn of the soil in this study was 0.45 mg/kg, which indicates that the soil was not extremely Zn deficient. Because Zn biofortification increased the yield by only 6-10%, PA concentrations in grain were not substantially reduced by a dilution effect. It seems reasonable to expect that the effect of Zn fertilizers on PA concentrations in wheat grain will depend on both the levels of Zn in the soil and the Zn fertilization rate. It is also possible that wheat plants are able to regulate the PA concentration in grain under Zn stress [44] .
The chemical forms of Zn and its bioavailability in food influence the amount of Zn absorbed through the gastrointestinal tract and into the bloodstream [20] . For human nutrition, Zn bioavailability in grain and flour is more important than Zn concentration. High levels of PA in food are thought to reduce the bioavailability of Zn, Fe, and other minerals [46] . Therefore, the PA:Zn molar ratio has been used to evaluate the bioavailability of Zn in food [19] . A trivariate mathematical model of Zn absorption as a function of dietary Zn, which was recently developed and tested [21] , accounted for 80% of the variability in the quantity of Zn absorbed [33] . The current study showed that the estimated Zn bioavailability in grain and flour significantly increased with the rate of Zn fertilization (Figure 3) , which is consistent with a previous study [47] . A daily net intestinal absorption of about 3 mg of Zn from 300 g of wheat flour consumed is required for humanhealth [14, 48] . In the present study, this requirement was met only by the biofortified standard flour and refined flour (Figure 3 ). This is because the biofortified standard flour and refined flour contained relatively high Zn concentrations and relatively low PA concentrations. Compared with intensively processed cereals, whole grain flour and coarse flour have been traditionally thought to provide better mineral nutrition because of the higher nutrient concentration in the bran [49] .
The Zn levels in the blood plasma, liver, and tibia of rats fed for 3 weeks on diets based on white wheat flour or whole flour were not significantly different, indicating that the whole flour did not reduce Zn absorption or bioavailability [50] . According to Hussain et al. [47] , Zn bioavailability was higher in whole grain flour than in the other kinds of flour. In the current study, however, the estimated Zn bioavailability was lower in whole grain and coarse flour than in standard and refined flour because of the extremely high PA concentrations in the bran. The Zn concentrations were 9.5-fold higher and the PA concentrations were 15.6-fold higher in bran than in standard flour (Table 2) . Thus, the whole grain flour and coarse flour, which contain more parts of the bran, had lower Zn bioavailability than standard or refined flour. This is consistent with Ryan et al. [51] , who indicated that the PA:Zn and Ca × PA:Zn molar ratios were lower for flour than for whole grain. The reasons of these different findings may include differences in yield, experimental conditions, and variety. For example, the PA and Zn concentrations in wheat grain and its different fractions differ substantially among varieties [43, 49] .
DALYs are commonly used by the World Bank, the World Health Organization (WHO), and the HarvestPlus program [37] to assess the health burden of Zn deficiency and the health impact of biofortified wheat [23] . However, the health impact of biofortified wheat was overestimated if available Zn intake is not considered. The current study used available Zn intake as estimated by "the trivariate model" to calculate the health impact (DALYs saved) of biofortified flour and its reduction of the current health burden (Table 3 ). The health impacts are smaller than previously reported [23] , even with the optimistic scenario of a 60% coverage rate, but might be more realistic. Still, the biofortified standard and refined flour (obtained by applying >50 kg of ZnSO 4 ·7H 2 O/ha) could reduce the current healthy burden (DALYs) of Zn deficiency by more than 20%. Among all the four biofortified flours, the effects of Zn biofortification on the estimated Zn bioavailability and on human health impact (DALYs saved) were greatest for standard flour (Table 3 ). This was because the more available Zn intake increased with biofortification of standard and refined flour even though the total Zn concentration was lower in standard and refined flour than in whole or coarse flour. Overall, these results indicate that, like the genetic biofortification of wheat [14] , the agronomic biofortification of wheat with Zn will mitigate the health burden caused by Zn deficiency among infants and children.
Unlike other studies [25, 27] , the present study failed to detect antagonism or synergism between Zn biofortification and the Fe, Cu, and Mn contents of wheat grain (Table 4 ). The soil DTPA-Fe, DTPA-Cu, and DTPA-Mn concentrations in the current study were 5.52, 0.82, and 5.30 mg/kg, respectively, all of which are higher than the critical values, indicating that the soil was not deficient in these micronutrients. The estimated bioavailability of Fe, Mn, and Cu (as indicated by the PA:Fe, PA:Mn, and PA:Cu molar ratios) was unaffected by Zn biofortification (Figure 4) . Like Zn bioavailability, Fe and Cu bioavailability were higher in standard and refined flour than in whole and coarse flour. The Mn bioavailability in the four flours were not significantly different and it might be due to the similar distribution of Mn and PA in grain.
Conclusions
In the current study, Zn biofortification increased both the concentration and bioavailability of Zn in wheat grain and flours. Although Zn concentrations in wheat whole flour and coarse flour were high, Zn bioavailability and the calculated health impact (DALYs saved or reduction in the current health burden) were lower in wheat whole flour and coarse flour than in standard flour and refined flour because of the extremely high concentrations of PA in the bran. In addition, Zn biofortification did not influence the bioavailability of Fe, Mn, and Cu. The results indicate that Zn biofortification of wheat by the application of a Zn fertilizer can substantially increase the Zn bioavailability and health impact of wheat flour.
